INTRODUCTION
The world's remaining natural and semi-natural vegetation increasingly exists in a fragmented state, raising concern about the ability of biological populations to persist in these biogeographic islands ( Ng, 1983) . Much recent attention has been focused upon the extent of microclimatic edge effects in fragments because of the large perimeter:area ratios that these patches characteristically possess (Ranney, Bruner & Levenson, 1981; Lovejoy et al., 1986; Kapos, 1989) . In tropical forest ecology, there is particular concern about the ability of fragments to sustain microclimatic conditions that are sufficiently similar to those of continuous forest to enable the regeneration of many tropical forest tree species.
Most studies of edge effects in tropical forest, and the microclimatic changes induced by fragmentation of this forest type, have focused upon recently-created edges and fragments (Lovejoy et al., 1985; Kapos, 1989 ; WilliamsLinera, 1990; Laurance, 1991) . These have shown that microclimatic and vegetational changes can intrude to considerable distances into the forest, implying that very large fragment sizes may be necessary for the preservation of forest microclimates in core areas (Lovejoy et al., 1986; Laurance, 1991) . However, the long-term consequences of forest fragmentation may be better indicated by examining fragments that have existed for long time periods. For tropical moist forest, the most commonly-occurring and persistent natural fragments are the elongated strips of riparian forest that exist within tropical savannas or other drought-and fire-tolerant vegetation types (Richards, 1952) . Recent studies of these forest fragments in Belize and Venezuela have shown many to contain tree species densities comparable to continuous forests, and a nonspecialized tree flora comprised of species characteristic of continuous forest (Meave, 1991; Meave et al., 1991) . Consequently, they appear to be places where tropical forest tree species have persisted successfully despite prolonged community fragmentation.
In this study we examine the understorey light regime of tropical moist forest fragments that exist in the riparian zones of a Central American savanna. We also examine the response of forest tree seedlings to variations in light intensity in these forests to evaluate whether sufficient light variability occurs to permit the co-existence of a variety of light-mediated seedling regeneration strategies. We emphasize light, rather than other microclimatic conditions, because of its frequently-demonstrated critical role in the regeneration of tropical forest species (Pearcy, 1983; Denslow, 1987; Denslow et al., 1990; Clark, 1991 approximate elevation of 500 m a.s.l. and is composed primarily of granite, although metasedimentary substrate can be found in some locations (Johnson & Chaffey, 1973) . Mean annual rainfall is 1560 mm, with a pronounced dry season from February to April (Walker, 1973) . The soils are intensely weathered ultisols low in CEC, base saturation, available phosphorus, and total nitrogen (Kellman, 1985 (Kellman, , 1989 .
The savanna consists of a mosaic of open grassland, a low density of dicot trees and shrubs, and diffuse populations of Pinus caribea Morelet and, at higher elevations, Pinus oocarpa Schiede. It was classified as an 'orchard savanna with pine' by Wright et al. ( 1959) . The community appears to be at least 11,000 years old and may be a remnant of a more widespread savanna that developed during the last glacial maximum (Kellman, 1975 (Kellman, , 1989 ). It appears to have resisted re-invasion by forest due to a high fire frequency acting synergistically with low soil fertilities (Kellman, 1984 (Kellman, , 1989 . Hutchinson (1977) calculated a mean natural fire recurrence interval of 18 years using fire records from an area of the savanna that had not been subject to fire suppression.
It is probable that the isolation of the riparian forests began during the expansion of the savanna. Today, they occupy only 3.68% of the study area (Meave, 1991) and are restricted to the valleys that dissect the plateau, presumably because moisture availability is higher and fire frequency lower in these places. Thesw forest patches have an average area of 13.6 ha (range: 0.5-159.6 ha) , are isolated from each other by distances ranging from 100 m to several kilometres (Meave, 1991) , and can vary in width from 400 m to less than a few metres (Johnson & Chaffey, 1973) . The zone of transition between riparian forest and savanna is narrow and is often dominated by Tripsacum latifolium Hitchcock, a tall (2 m) light-loving grass that grows in dense swards to the edge of the forest (Fig. 1) . In this study, the presence of Tripsacum was used to define the outer limits of the riparian forest.
The main study site (Site A) was a 0.85 ha patch with both gentle and steep sloped relief (range: 0-42?) located 0.8 km from the nearest riparian forest and almost 20 km from the nearest continuous forest. A survey of all stems >5.0 cm dbh in this forest patch identified fifty-five species, many of which are found in continuous forest in this region of Central America (Kellman, unpublished) . The basal area of stems ?10 cm dbh in Site A was lower (17.03 m2ha-') and the stem density higher (1407.71 trees ha') than normally found in continuous tropical forest (Kellman, unpublished) . Only six stems larger than 50 cm dbh were found in this patch.
Less comprehensive data were also gathered in two additional riparian forest patches. Site B was an 11.5 ha patch located 1 km from Site A and had a narrower range of slope angles (8-33?). Site C was a 21.4 ha patch located 20 km from Site A. It had steeper slopes (range: 5-66?) than the other two sites and was connected to continuous forest at its downstream end.
METHODS
Understorey light levels were measured over 24 h periods using the ozalid paper technique (Friend, 1961 all light inputs including sunflecks. The ozalid papers were calibrated beneath a forest canopy in units of photosynthetically-active radiation (PAR; mmol m2s-') using quantum sensors (Licor LI-190SB) connected to a datalogger (Licor LI-1000). The correlation between the number of exposed ozalid sheets and the log of incoming PAR was high (r2=0.979; SE=0.01; n=42). Throughout the study, calibration checks were made approximately every 2 weeks and all estimated light values fell within 5.2% of measured PAR.
To characterize the understorey light environment of Site A, light was measured in one hundred randomly-chosen 1 m2 plots within the 0.85 ha forest patch for three 24 h periods using four ozalid light meters per plot. Measurements were taken 35 cm above ground level. The results, estimated in mmol m-2s-', were converted to the percentage of external sunlight (hereafter termed 'full light') based on light measurements taken concurrently with a quantum sensor in a 1000 m2 clearing in the nearby savanna. Percentages were then averaged for the 3 days of measurements to obtain one light estimate for each 1 m2 plot. In addition to light measurements, the slope angle at each plot was estimated with an Abney level, and its distance to the forest-savanna boundary measured. The total number of seedlings of all species (<35 cm tall) were also counted in each plot.
At Site B and Site C, understorey light, total seedling density, distance from the forest-savanna boundary, and slope angle were measured in 1 m2 plots placed along eight transects extending from the forest-savanna boundary into the forest patch interior. In total, there were fifty-nine plots at Site B and sixty plots at Site C. For most transects, the plots were spaced at 3 m intervals for the first 21 m into the forest and then at 4 m intervals for the remainder of the transect, although two of the transects at Site B had 4 m spacing for the entire transect. Light was sampled in all the plots in Sites B and C for one day only due to time constraints.
Six tree species were used to test for differences in seedling light sensitivity at Site A: Licania. sparsipilis Blake, Sloanea tuerchkeimii Donn Sm., Calophyllum brasiliense Camb., Clethra hondurensis Britt., Xylopia frutescens Aubl., and Vochysia hondurensis Sprague. All species chosen were common in Site A, increasing the probability that the seeds of each species were dispersed to all areas of the patch and that the sample size of seedlings would be adequate for this study. As well, the adults of each species had distinct patterns of distribution: abundances were either highest near the forest edge, in the interior, or similar throughout the forest patch (Fig. 2) .
Individual seedlings (<35 cm height) were located by randomly-selecting points in Site A and searching within 5 m of each point for one seedling of each species. One hundred seedlings were found by this method for all species except C. hondurensis, for which only eighty-eight seedlings could be located. An ozalid meter was then placed over each seedling for one 24 h period. The frequency distribution of light found over the seedlings was compared with the frequency distribution of understorey light at the site in general using the Kolmogorov-Smirnov test (Norcliffe, 1982) .
To determine if proximity to conspecific adults was influencing the apparent seedling light sensitivity, the frequency distribution of light measured over each seedling was compared between seedling populations that occurred within and beyond 5 m of the closest conspecific adult using the Kolmogorov-Smirnov test.
RESULTS
The frequency distribution of light intensities measured in Site A was positively skewed (Fig. 3) , with a mean of 2.82%, a median of 1.68%, and a range of 0.34% -12.03% of full light. Summary statistics for overall light levels in each site are presented in Table 1 . Sites B and C were slightly less well illluminated than Site A but the range of light values measured in all sites were comparable. where d= the distance (m) into the forest interior where light levels fell within 5.0% of the estimate of the light intensity in the forest interior (c). The estimate of (d) ranged from 7 to 11.5 m at the three sites (Table 2 ) and this value was used to divide the three riparian patches into 'edge' and 'interior' zones. At Site A, the edge zone occupied 45% of the total patch area and had a median light intensity of 3.16% of full light, compared with 2.39% and 2.67% of full light at Sites B and C respectively. Median light levels in the interior ranged from 0.72% to 1.25% of full light (Table 2) . A weak positive relationship was found between slope angle and understorey light at Site A (r2= 0.05; P= 0.03). However, when the effect of slope was considered in combination with distance to the forest boundary, distance alone accounted for 75% of the variation in understorey light while the combination of distance and slope only explained a further 0.5%. Distance from the forest-savanna boundary and slope angle had a similar influence on understorey light distribution at Sites B and C. Distance explained 84% of the variation in understorey light at both sites but At the three study sties, average seedling densities ranged from 3.7 to 7.5 m-2 and no significant relationship was found between light intensity and total seedling density.
The median light intensity measured above the seedlings of each species ranged from 1.02% to 3.10% of full light, which is equivalent to 2.1 11.8 mmol m-2s-I (Table 3) (Fig. 2) , rather than by the inability of the seedlings to establish in high light conditions.
DISCUSSION
The penetration of light from the forest-savanna boundary appears to be the dominant influence on the spatial distribution of light in the riparian forest understorey, with variation in topography and canopy gaps having little effect. In each patch examined, the highest light levels were found at the forest edge at intensities comparable to light levels measured in continuous forest understorey adjacent to big canopy gaps (Denslow et al., 1990) However, the elevated light levels rarely intruded more than 7-12 m from the forest edge. This is similar to the extent of light penetration in forest surrounding big gaps (Hubbell & Foster, 1986 ) but less than that observed in studies of recently-created edges in tropical forest. Kapos (1989) measured elevated light levels 40 m into the forest interior and Williams-Linera (1990) found evidence of increased canopy openness 15-25 m into the forest 10 months after boundary formation. The limited depth of light penetration observed at the riparian forest edges in this study appears to be the result of an older and better developed vegetation canopy existing at these boundaries. This consists of asymmetrical tree canopies, tree saplings and, at the lowest level, the zone of Tripsacum latifolium which, together, effectively attenuate lateral light penetration into the forest interior (Fig. 1) . The exact age of the riparian boundary vegetation is not known. A savanna fire affected Site A and B 19 years prior to this study (Kellman, unpublished) and the forest boundaries at these sites must be at least this old. Moreover, some species occurring at the forest edges are fire-tolerant and rapidly re-sprout epicormically or basally following burning. At a riparian forest in the eastern Pine Ridge, high densities of Tripsacum and Melastomataceae seedlings were observed at the patch edge only 1 year after it had been penetrated by fire. The rapid development of a dense layer of edge vegetation following boundary formation has also been observed in other studies (Lovejoy et al., 1986 ; Williams-Linera, 1990), although 5 years appears to be a more typical time period for its formation. In the riparian interior, the range of light levels measured were comparable to measurements taken in other tropical rain forest understoreys (Table 4) , despite the large perimeter:area ratios of the riparian patches. Light readings higher than 2.0% of full light were sporadic and none exceeded 4.5% of full light, which is similar to the lower range of light intensity that has been measured in continuous rain forest gaps smaller than 100 m2 (Bongers et al., 1948) . The only continuous forest light levels not found in the riparian patches examined were those greater than 15% of full light, which are values normally associated with larger rain forest gaps (Chazdon & Fetcher, 1984) . In most continuous forests, large canopy gaps occur infrequently (Hubbell & Foster, 1985; Sanford, Braker & Hartshorn, 1986) , and their absence in the forests sampled here could be attributed to the small absolute forest area enumerated. However, the frequency of large gaps in the riparian forests of the Pine Ridge is thought to be especially low due to the small size of the trees and to the protection from wind provided by the location of the forest patches in valley bottoms. It is possible that the occasional intrusion of fire across the forest boundary may create high light levels similar to large canopy gaps by opening the edge and/or overstorey canopy. Total seedling density was not affected by differences in light intensity in the riparian forest understorey. However, the species composition of seedlings throughout the forest was spatially heterogeneous and differences in light intensity, rather than proximity to conspecific adults, had the greatest influence on seedling distribution at the species level. Although the range of median light levels measured over the seedlings of the studied species did not exceed 2.1% of full light (Table 3) , the observed interspecific differences in the light sensitivity of seedlings suggests that there is sufficient light variation within the forest patches to support a variety of regeneration strategies. The spatial separation of species as a consequence of differences in their seedling light sensitivities may offset competitive interaction within these riparian forest patches and facilitate the co-existence of species.
The only regeneration guild that appears to be uncommon in the riparian forests of the Pine Ridge is that of lightdemanding pioneers. This can probably be explained by the low frequency of large canopy gaps in these forest patches. Data from an experiment using artificially created large gaps has confirmed that pioneer genera, such as Cecropia, can establish in the riparian forests of the Pine Ridge when light intensities in the understorey approach 20% of full light (Kellman, unpublished) .
The distribution of adult trees of the six species studied (Fig. 2) indicates that the light-correlated spatial patterning were most abundant in the interior zone, and C. hondurensis had a higher number of adult stems near the forest edge. V. hondurensis had many adult stems in both edge and interior areas. However, while X. frutescens seedlings were more concentrated in well-illuminated areas, adults of this species were found throughout Site A (Fig. 2) and Sites B and C (MacDougall, 1991). This suggests that there has been an intrusion of higher light levels into these forests in the recent past. The most plausible mechanism causing such an increase in light levels would be occasional fire penetration. At Site A, fire scars on some trees confirm that fire has reached parts of the forest interior within the recent history of this patch. Also, severe fires in the 1991 dry season were observed to penetrate deeply into many riparian forests in the eastern part of the savanna, and occasionally to completely traverse the forested zone (Kellman, unpublished) .
In summary, the data presented in this study suggests that the deep edge effects documented by Kapos (1989) and Williams-Linera (1990) at recently-created tropical forest boundaries may gradually be reduced by the development of a more insulative forest boundary. The data also suggests that tropical forest tree species may be better able to persist in isolated fragments than was previously assumed, although the problems of habitat fragmentation remain severe for other taxonomic groups, such as large mammals.
